Diffuse correlation spectroscopy (DCS) is an emerging technology to monitor the blood flow at microvasculature level, wherein the flow model is dependent on the movements of red blood cells (RBCs). To elucidate the mechanism of flow model, in this paper, we conducted the phantom experiments to simulate the blood flow environment in the microvessels. Meanwhile, the light temporal autocorrelation curves were collected by the DCS flowmetry. Through investigating the relationship between the DCS curves and the analytical-solution curves fitted by the three models, we established a hybrid flow model combining the Brownian motion and random ballistic flow. This innovative flow model, when combined with DCS data, will provide realistic blood flow measurements that help early diagnosis and treatment evaluation for a variety of diseases.
I. INTRODUCTION
It is well known that oxygen is actively involved in tissue metabolism [1] , [2] . Hence, the monitoring of the oxygen status is important and routinely carried out in clinic and surgical rooms. In microvasculature system, the oxygen is carried in the blood and supplied to the tissue via movements of red blood cells [3] . Hence, the blood flow is a critical indicator for the blood oxygen supplement. However, the monitoring of the blood flow at microvasculature level is unusual due to the limited technologies [4] - [6] . Ultrasound Doppler and laser Doppler are routinely utilized inmany clinical and physiological studies [7] . Both of these technologies are based on 'Doppler Effect', allowing for measurement of the blood flow velocity in major blood vessels. However, a large portion of diseases are associated with the abnormal blood flow at The associate editor coordinating the review of this manuscript and approving it for publication was Mahmoud Al Ahmad . microvasculature level rather than the major vessels, and there is no dominant flow direction in the microvasculature network [4] , [6] , [8] , [9] . Additionally, laser Doppler could only probe the blood flow at superficial tissue (<3 mm in depth) [10] . Another flow modality based on magnetic resonance imaging (MRI), namely, ASL-MRI [11] , is able to capture the perfusion imaging of deep tissues such as human brain. However, the wide and routine use of ASL-MRI is restricted by the high cost and low mobility of instrument.
In recent years, a relatively new blood flow modality, namely, diffuse correlation spectroscopy (DCS), has gained rapid development [12] . DCS permits directly probing the movements of red blood cells (RBCs) in tissue by using the near-infrared light (650-900 nm) at long coherence length. DCS for blood flow measurement has been sufficiently validated through comparing with other flow modalities including ultrasound Doppler [13] , laser Doppler [14] , and ASL-MRI [15] . In contrast to the Doppler-based technologies VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ that need to align the probe strictly with major vessels [16] , the DCS measures the average flow value over a bulk tissue, thus it is more robust to motion artifacts. Because of those merits, the DCS technique has been widely applied to various tissues and organs such as brain, skeletal muscle and tumors [17] . Furthermore, the extension of DCS from spectroscopy to tomography, namely, diffuse correlation tomography (DCT), was also developed to obtain blood flow imaging [18] , [19] . DCS provides a way to directly quantify the movements of the red blood cells (RBCs), which is distinct from the flow modalities routinely used in clinic, e.g., Doppler ultrasound. At the microvasculature level, the RBCs move toward various directions. It is difficult to use the routine technology (e.g., Doppler ultrasound) to measure the velocity, because there is no dominant direction in the network of blood capillaries. DCS quantifies the light electric field temporal autocorrelation function, which is sensitive to the RBCs moving at arbitrary directions. Hence, DCS is a sort of ideal technologies to measure the blood flow at the microvasculature level.
Currently, there are two kinetic models to estimate the tissue blood flow based on the RBC movements [12] , [20] : random ballistic flow model and Brownian motion model. Theoretically, the RBC movements would obey the model of the random ballistic flow, as hydraulic pressure is the main driving-force on RBCs within the tissue. However, it is found that Brownian motion model fits better to the experimental data. To date, there are no confirmed relationships between the RBC movements and the flow models (random ballistic flow or Brownian motion), which hinders the accurate measurement of the blood flow as well as proper interpretation of the experimental data.
In this study, we aim to elucidate the relations between the RBC movements and blood flow measurement by using the DCS data. For this purpose, we created a tissue-mimic phantom with varied flow speed. From the experimental data collected on the phantom mimicking the microvasculature environment, we proposed a hybrid flow model and investigated the evolution of the flow model under the manipulation of the RBC movements. To the best of our knowledge, this study, for the first time, extensively explored the movements of RBCs with DCS technology, from which the blood flow values would be precisely extracted from the proper flow model.
II. METHODS
In this section, we briefly illustrated all theories related to this study, including DCS principle and the kinetic models of blood flow. Then, we depicted the apparatus of the tissuemimic phantom as well as the experimental configuration. The approaches for data processing was finally introduced in this section.
A. DCS PRINCIPLE AND INSTRUMENT
Diffuse correlation spectroscopy (DCS) is a newly developed technology for tissue blood flow measurement by calculating the temporal autocorrelation of the light electric field, wherein the RBCs are treated as the moving scatterers. The RBC movements cause disturbance in light electric field, which could be quantified by its temporal autocorrelation function. Basically, implementation of the DCS technology requires a laser at long coherence length (>5m), a photon detector at high sensitivity, as well as a hardware or software correlator. For the purpose of collecting DCS signals, we constructed a potable instrument consisting of a nearinfrared laser at 785 nm (Crystalaser Inc., NV, USA), eight single-photon-counting avalanche photodiodes (APD) detector (Excelitas Inc., Canada), and an 8-channel autocorrelator board (Correlator.com, NJ, USA). Figure 1 (a) shows the instrument of DCS flowmetery.
As shown in Figure 1 (b), the near-infrared laser injects photons into the tissue via a multimode fiber (diameter = 200 µm) placed on the tissue surface. The photons are scattered multiple times or absorbed by the RBCs, and a portion of photons escaping out of the tissue are collected in parallel by four single-mode fibers (diameter = 7µm) placed several centimeters from the source fiber. The photons collected by APDs are transferred into the digital correlator, wherein the normalized light intensity temporal autocorrelation g 2 ( r, τ ) is calculated. The normalized light electric field autocorrelation function g 1 ( r, τ ) could be derived from the Siegert relation [21] :
Here τ is the delay time of the autocorrelation function, r is the position vector relative to the reference location; β is a coherent factor mainly dependent on the laser coherence and detection optics. Generally, the maximal value of β is the multiplicative inverse of the detected speckles [22] . When a single-mode fiber is used for the DCS measurement, the ideal β value should be 0.5, because there are two orthogonal polarization modes (i.e., two independent speckles). When a polarizer is used for detector fiber, β value might be elevated to around 1. On the other hand, however, β value could be very small when few-mode fibers are used [23] .
According to previous reports on DCS theory [22] , [24] the unnormalized electric field temporal autocorrelation function G 1 ( r, τ ) satisfies a partial differential equation (PDE), expressed as follows [22] -[24]:
Here D = v/ 3µ s is the photon diffusion coefficient, v is the speed of light in the medium, k 0 is the wavenumber, r is the position vector, S ( r) is the source light distribution, and r 2 (τ ) is the mean-square displacement of scatterers in time τ . Note that G 1 is the unnormalized form of g 1 , i.e.
Equation (2) is termed as diffusion correlation equation [22] , indicating that the transportation of G 1 ( r, τ ) within the tissue follows the general law of radiation transport, but with particular physical meaning.
Derivation of a general solutions to (2) for real tissues is a complicated task. Alternately, when a simple semi-infinite geometry is assumed, appropriate Green's functions could be designed, from which the solution to (2) was derived, in the following form [22] -[24]:
+ 0.668 + 0.0636n and n ≈ 1.34. Equation (3) indicates that the unnormalized autocorrelation function G 1 ( r, τ ) is contributed from both a positive isotropic source and a negative imaging isotropic source [22] ; r 1 and r 2 are the distance between the detector fiber and positive isotropic source (r 1 ) or negative imaging isotropic source (r 2 ). Note that this solution is derived by assuming a semi-infinite geometry of the target tissue. When other tissue geometries are adopted, the above solution will become more complicated.
B. KINETIC MODELS OF BLOOD FLOW
Currently, there are two cases of kinetic models to account for the RBC movements within the tissue, i.e., the random ballistic flow and Brownian motion. When the particles are subject to the hydraulic pressure, the dominant flow model would be the random ballistic flow, which is based on the assumption that the photons are collected from the particles with independent velocities. In this case, the average square of particle displacement obeys the following equation [12] , [20] :
Here τ is the moving time of the scatterers (i.e., RBCs), V 2 is the second moment of the cell velocity distribution, and V is referred to as the blood flow index (BFI). Another popular flow model is Brownian motion, in which the influence from hydraulic pressure is minor. In this model, the photons are collected from the particles moving diffusively and associated with multiple scattering events. As such, the average square of particles displacement obeys the following equation [12] , [20] :
Here D B is the effective Brownian diffusion coefficient of the tissue scatterers (i.e., the RBCs).
For construction of a hybrid model including both random ballistic flow (4) and Brownian motion (5), we assumed that both models contribute to RBC movements at different degree, and these two kinetic models are independent. Therefore, we proposed a hybrid model with the following form:
Here A = αV 2 and D = β (6D B ); α and β are the contributing factors of random ballistic flow and Brownian motion, respectively. When substituting (6) with (4) and (5), and fitting it with the experimental g 1 curve, the coefficient A and D in the hybrid model would be extracted.
C. PHANTOM EXPERIMENT
A tissue-like phantom apparatus was designed and manufactured, in order to create realistic microvasculature environment for RBC movements. The apparatus consists of a rectangular-shape aquarium, an embedded flat-shape glass tube as well as a syringe pump. Both the aquarium and the embedded glass tube are filled with liquid phantom (Figure 2) , which is mixed by the distilled water, India ink and intralipid solution. The India ink provides the light absorber and the intralipid solution provides the scatterers (i.e., mimicking the RBCs). Within the aquarium, only the Brownian motion of scatterers occurs. To create a dynamic environment of scatterers, the glass tube was connected via silicone hose to the syringe pump, which permits manipulating the liquid phantom at the desired speed.
For DCS data acquisitions, the source (S) and detector (D) fibers, both confined in a black foam at different S-D separations (i.e., 1.5 cm, 2.0 cm, 2.5 cm and 3.0 cm), were placed on the phantom surface via holder and secured by cross clamps, as shown in Figure 3 . The other end of fibers were connected to the laser and four detectors in DCS instrument.
To match the realistic optical properties of tissues, appropriate amount of distilled water, India ink and intralipid solution with known values of absorption and scattering coefficients, were added to the rectangular aquarium, reaching the target values of optical properties (µ a = 0.05cm −1 and µ s = 8.0cm −1 ).
At the beginning of the experiment, there are no pump pressure applied on the phantom, and the DCS data were collected for 5 minutes at the sampling time of 2 seconds. Thereafter, the pump speed was elevated to 100 ml/h, 150 ml/h and 200 ml/h respectively at 5 minutes intervals. The DCS data were collected longitudinally for the entire period.
D. DATA PROCESSING
For the data processing, the g 2 data collected by the DCS flowmetry from phantom experiments are firstly converted to g 1 data via (1), i.e., the Siegert relation [21] . Here the parameter β is determined when τ is zero ( i.e., g 1 (0) ≈ 1), specified as: β = (g 2 (0) − 1). The derived g 1 experimental curve is then fitted to the analytical solution (3) with the target flow model (i.e., ballistic flow random (4), Brownian motion (5) , and the hybrid model (6)) respectively, from which the unknown parameters (i.e., V 2 in (4), D B in (5), as well as A and D in (6)) are determined. Here the curve fitting criterion is the least square error between the analytical solution of g 1 curve and the experimental g 1 curve. The computation procedure of data fitting is implemented by Nelder-Mead simplex algorithm [23] .
From this processing, the flow parameters, including V , D B , A, D, are extracted for each sample of DCS data. Those flow parameters are averaged over each period of measurement (i.e., at 0, 100, 150 and 200 ml/h pump speed), in order to obtain robust values of the flow parameters. In addition, we quantify the relative error (RE) between each of the flow model and the raw data, with the following equation:
Here g 1,fit is the autocorrelation function fitted by each of the three models; g 1,raw is the raw data of autocorrelation function derived from the phantom experiments.
III. RESULTS Figure 4 shows the light electric field autocorrelation function (i.e., g 1 curve) when there is no pump pressure applied on the liquid phantom. This curve fits perfectly with Brownian motion (Figure 4a ) rather than the random ballistic flow (Figure 4b ). Thus, this status is considered as a single model of Brownian motion. When the pressure was applied on the liquid phantom via syringe pump (e.g., at speed of 200 ml/h), either the Brownian motion (4) or random ballistic model (5) alone could not achieve good curve fitting, as there are remarkable deviation between the analytical and the experimental data (Figure 5a and Figure 5b) . By contrast, the hybrid model (6) fits excellently with the g 1 curve (Figure 5c ), indicating that both random ballistic flow and Brownian motion contribute to the RBC movements. To further compare among the three models, a quantitative parameter, i.e., the relative error over all delay time (τ ) in the g 1 curve, is calculated. As exhibited in Figure 5d , the relative error derived from the hybrid model is much smaller (1.83%) than that derived from either of single flow model (2.99% or 4.22%), verifying that the RBC movements driven by pump pressure are subject to both random ballistic flow and Brownian motion.
Additionally, we studied the evolution of random ballistic flow and Brownian motion at varied situations via manipulating the pump pressure on the liquid phantom. It can be seen from Figure 6 , when the pump speed was increased from 100 to 200 ml/h, both flow indices (A and D) elevate. However, the random ballistic flow elevates more rapidly than the Brownian motion, evidenced by the increase in A/D ratio.
In order to determine which flow model is dominant in a specific situation, the flow index in the hybrid model was normalized to that of single flow model (random ballistic flow or Brownian motion) with the same g 1 curve, yielding the ratio value of individual model among the hybrid model. Figure 7 shows the ratio value of random ballistic flow and Brownian motion at four different situations (no pump pressure, as well as at the pump speed of 100, 150 and 200 ml/h, respectively). As clearly exhibited, the Brownian motion is dominant when there is no pump pressure, with the ratio value almost equal to 100%. By contrast, the ratio value of random ballistic flow is close to zero at this situation. When the pump pressure is applied, the ratio of random ballistic flow was increased, while this value was declined for Brownian motion. For example, the ratio value of Brownian motion is decreased from 100% to 84% when the pump speed was changed from zero to 200 ml/h. Meanwhile, this value for random ballistic flow was increased from zero to 16%, indicating that random ballistic flow would become evident when subject to the hydraulic pressure.
IV. DISCUSSION AND CONCLUSION
The blood flow measurement in microvasculature environment has important clinical implication for a variety of physiological studies and disease diagnosis. However, the measurement of tissue blood flow is a complicated task. In biological tissues, there is no dominant direction in RBC movements. Hence, it is difficult to evaluate the microvasculature blood flow by using the conventional technologies (e.g., Ultrasound Doppler). DCS is an emerging flow modality in recent years that is able to detect the RBC movements from a bulk tissue, regardless of the individual moving directions. Thus, the DCS for tissue blood flow measurement is more robust and not susceptible to the motion artifacts.
Owing to many advantages such as noninvasiveness, portability, low-cost and easy for longitudinal monitoring, the DCS has been widely utilized in various physiological and clinical studies. Nevertheless, the mathematical modeling of the RBC movements, which is critical for properly extracting the blood flow index from DCS data, is far less studied. Furthermore, the relations between the flow model and the light electric field autocorrelation function (i.e., g 1 curve) has not been elucidated. VOLUME 8, 2020 In this study, we extensively investigated the influence of RBC movements on the g 1 curve at varied flow situations, from which a more realistic flow model is established. For this purpose, a tissue-like phantom apparatus was designed, permitting manipulation of the flow at the desired speed. With a custom-made DCS flowmetry that was constructed in our laboratory, we carried out the phantom experiments and collected the DCS data, from which the single flow model (random ballistic flow or Brownian motion) as well as the hybrid model were investigated and compared.
From the results, we found that the RBC movement agrees with the model of Brownian motion only at the situations wherein the scatterers are not subject to the pump pressure ( Figure 4 ). The pump pressure promote both the Brownian motion and random ballistic flow, but at different degree ( Figures 5 and 6 ). When the syringe pump speed reaches 200 ml/h, the random ballistic flow become evident. The hybrid flow model proposed in this study is able to track the evolution of both Brownian motion and random ballistic flow.
Since this study is the first attempt to combine the two typical flow models (random ballistic flow or Brownian motion) based on the experimental results, not all the factors were taken into account. In the future research, more comprehensive investigation, including computer simulations of RBC movements in microvasculature environment as well as incorporation of the advanced functions (e.g., sigmoid function) for determination of the ratio values, will be conducted.
Moreover, as a pilot research, this study focused on the physical mechanism of particle movements. Development of a comprehensive flow model reflecting both physical and biological mechanisms, as well as its validation on in vivo tissue, will be the subject of future study.
To conclude, this study established a hybrid flow model for DCS technology, and for this first time, we validated the accuracy of the new flow model via tissue-like phantom experiments. This study would assist to elucidate the DCS data in extracting the blood flow information, thus it has great potential for future physiological and clinical studies.
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